We demonstrate that the conductance through a single-electron transistor at low temperature is in quantitative agreement with predictions of the equilibrium Anderson model. The Kondo effect is observed when an unpaired electron is localized within the transistor. Tuning the unpaired electron's energy toward the Fermi level in nearby leads produces a crossover between the Kondo and mixedvalence regimes of the Anderson model. [S0031-9007(98) The effect of magnetic impurities on metals-the Kondo effect-has been studied for half a century, and enjoys continued relevance today in attempts to understand heavy-fermion materials and high-T c superconductors. Yet it has not been possible to experimentally test the richly varied behavior predicted theoretically. The theory depends on several parameters whose values are not independently tunable for impurities in a metal, and are often not even a priori known. On the other hand, it has been predicted [1-5] that a single-electron transistor (SET) should be described by the Anderson impurity model, and hence should also exhibit the Kondo effect. A SET contains a very small droplet of localized electrons, analogous to an impurity, strongly coupled to conducting leads, analogous to the host metal. We have recently shown that when the number of electrons in the droplet is odd, and hence one electron is unpaired, the SET exhibits the Kondo effect [6] in electronic transport. This observation has since been confirmed [7, 8] with additional quantitative detail. As we show in this Letter, in SET experiments one can tune the important parameters and test predictions of the Anderson model that cannot be tested in bulk metals. We focus here on the equilibrium properties of the model for which the theory is well developed.
(Received 14 July 1998) We demonstrate that the conductance through a single-electron transistor at low temperature is in quantitative agreement with predictions of the equilibrium Anderson model. The Kondo effect is observed when an unpaired electron is localized within the transistor. Tuning the unpaired electron's energy toward the Fermi level in nearby leads produces a crossover between the Kondo and mixedvalence regimes of the Anderson model. The effect of magnetic impurities on metals-the Kondo effect-has been studied for half a century, and enjoys continued relevance today in attempts to understand heavy-fermion materials and high-T c superconductors. Yet it has not been possible to experimentally test the richly varied behavior predicted theoretically. The theory depends on several parameters whose values are not independently tunable for impurities in a metal, and are often not even a priori known. On the other hand, it has been predicted [1] [2] [3] [4] [5] that a single-electron transistor (SET) should be described by the Anderson impurity model, and hence should also exhibit the Kondo effect. A SET contains a very small droplet of localized electrons, analogous to an impurity, strongly coupled to conducting leads, analogous to the host metal. We have recently shown that when the number of electrons in the droplet is odd, and hence one electron is unpaired, the SET exhibits the Kondo effect [6] in electronic transport. This observation has since been confirmed [7, 8] with additional quantitative detail. As we show in this Letter, in SET experiments one can tune the important parameters and test predictions of the Anderson model that cannot be tested in bulk metals. We focus here on the equilibrium properties of the model for which the theory is well developed.
In our SET, a droplet of about 50 electrons is separated from two conducting leads by tunnel barriers. A set of electrodes [ Fig. 1(a) ], on the surface of a GaAs͞AlGaAs heterostructure which contains a two-dimensional electron gas (2DEG), is used to confine the electrons and create the tunnel barriers. The 2DEG is depleted beneath the electrodes, and the narrow constrictions between electrodes form the tunnel barriers. Details of the device fabrication and structure are given elsewhere [6] .
In the Anderson model, the SET is approximated as a single localized state, coupled by tunneling to two electron reservoirs. The state can be occupied by n d 0, 1, or 2 electrons with opposite spin; couplings to all other filled and empty states of the droplet are neglected. Adding the first electron takes an energy e 0 referenced to the Fermi level in the leads, but the second electron requires e 0 1 U, where the extra charging energy U (1.9 6 0.05 meV in our SET) results from Coulomb repulsion. In the diagram of Fig. 1(b) , e 0 , 0, but e 0 1 U . 0, so there is one electron in the orbital. However, this electron can tunnel into the leads, with rate G͞h, leading to Lorentzian broadening of the localized-state energies with full width at half maximum (FWHM) G. The energy e 0 can be raised by increasing the negative voltage V g on a nearby electrode [the middle left "plunger gate" electrode in Fig. 1(a) ], and G can be tuned by adjusting the voltages on the gates that form the constrictions. Two other important energies (not shown) are the spacing between quantized single-particle levels De ഠ 400 meV and the thermal broadening of the Fermi level in the leads kT 8 350 meV. The Kondo temperature T K is a new, many-body energy scale that Since the number of electrons in the droplet is odd, the (inset) local density of states exhibits a sharp Kondo resonance at the Fermi level. The broad resonance at energy e 0 represents a transition from n d 0 to n d 1, while the one at e 0 1 U corresponds to a transition from n d 1 to n d 2.
emerges for a singly occupied Anderson impurity [9] . It is essentially the binding energy of the spin singlet formed between the localized, unpaired electron and electrons in the surrounding reservoirs; kT K ഠ 4 250 meV in our SET, depending on the other tunable parameters.
The conductance G of a SET is analogous to the resistivity r of a bulk Kondo system. Although one thinks of the increase in resistivity at low T as the hallmark of the Kondo effect, transport properties have proven more difficult to calculate than thermodynamic properties. For T ø T K , r is theoretically and experimentally known to equal r 0 2 cT 2 (Fermi liquid behavior) [10] , and for T K , T , 10T K , r is roughly logarithmic in T [11, 12] , but the crossover region has only recently been successfully treated [13] .
Furthermore, the Anderson model has several interesting regimes parametrized byẽ 0 ϵ e 0 ͞G: the Kondo regimẽ e 0 ø 20.5, the mixed-valence regime 20.5 &ẽ 0 & 0, and the empty orbital regimeẽ 0 * 0, each of which has different transport properties. The Kondo regime describes many systems of dilute magnetic impurities in metals, while the mixed-valence regime provides some understanding of heavy-fermion compounds [14] [15] [16] . We know of no material described by the empty orbital regime. Although conductance through a SET normalized to its zero-temperature valueG͑T ͒ ϵ G͑T͞T K ͒͞G 0 is expected to be universal in the Kondo regime, where the only small energy scale is T K , it should change asẽ 0 ! 0 (the mixedvalence regime), where T K and G become comparable [13] . The great advantage of the SET is that e 0 can be tuned by varying V g to test the predictions for all regimes in the same system.
As V g is varied, the conductance of a SET undergoes oscillations caused by what is usually called the Coulomb blockade. Current flow is possible in this picture only when two charge states of the droplet are degenerate, i.e., e 0 0 or e 0 1 U 0, marked by vertical dashed lines in Fig. 2 as determined by the analysis of Fig. 5 below. The conductance between these dashed lines is expected to be very small. However, in this range the charge state of the site is odd, as portrayed in Fig. 1 , and the Kondo effect allows additional current flow. Strikingly, at low temperature (dots, 100 mK; triangles, 800 mK), the conductance maxima do not even occur at e 0 0 and e 0 1 U 0-the Kondo effect makes the off-resonant conductance even larger than the conductance at the charge-degeneracy point [4] . Raising the temperature suppresses the Kondo effect, causing the peaks to approach the positions of the bare resonances.
The inset of Fig. 2 shows how G is determined: For T $ G͞2, the conductance peak is well described by the convolution of a Lorentzian of FWHM G with the derivative of a Fermi-Dirac function (FWHM 3.52kT ). This convolution has a FWHM 0.78G 1 3.52kT , so extrapolating the experimentally measured linear dependence back to T 0 gives G 295 6 20 meV. Fig. 1 , and the Kondo effect enhances conductance. Inset: Linear temperature dependence of peak width extrapolated back to T 0 to extract G 295 6 20 meV. The slope of the same temperature dependence gives the constant of proportionality a 0.069 6 0.0015 between e 0 and V g [18] . When the energy of the localized state is far below the Fermi level ͑ẽ 0 ø 21͒, scaling theory predicts that T K depends exponentially on the depth of that level [17] :
Note that, because U is finite, log T K is quadratic in e 0 . This strong dependence on e 0 causes the Kondo-enhanced conductance to persist to higher temperatures near e 0 0 (and near e 0 2U, by particle-hole symmetry) than in between. In fact, at T 0 the conductance should sustain its maximum value all the way between the two observed peaks in Fig. 2 Fig. 3(b) ], T K increases, as evinced by the saturation of the conductance at low temperature.
To fit the experimental data for each e 0 we use the empirical form where
For the appropriate choice of s, which determines the steepness of the conductance drop with increasing temperature, this form provides a good fit to numerical renormalization group (NRG) results [13] for the Kondo, mixed-valence, and empty orbital regimes, giving the correct Kondo temperature in each case. The parameter s is left unconstrained in the fit to our data, but its fit value is nearly constant at 0.20 6 0.01 in the Kondo regime, while as expected it varies rapidly as we approach the mixed-valence regime [ Fig. 3(b) ]. The expected value   FIG. 4 . The normalized conductanceG ϵ G͞G 0 is a universal function ofT ϵ T͞T K , independent of bothẽ 0 and G, in the Kondo regime, but depends onẽ 0 in the mixed-valence regime. Scaled conductance data forẽ 0 ഠ 21 are compared with NRG calculations [13] for Kondo (solid line) and mixedvalence (dashed line) regimes. The stronger temperature dependence in the mixed-valence regime is qualitatively similar to the behavior forẽ 0 20.48 in Fig. 3( b) .
Using the values of G 0 and T K extracted in this way we confirm thatG is universal in the Kondo regime. Figure 4 showsG͑T ͒ for data such as those of Fig. 3 for various values ofẽ 0 ϳ 21 (on the left peaks of Fig. 2) . We have also included data from the same SET, but with G reduced by 25% by adjusting the point-contact voltages. The data agree well with NRG calculations by Costi and Hewson (solid line) [13] .
In the mixed-valence regime it is difficult to make a quantitative comparison between theoretical predictions and our experiment. Qualitatively, in both calculation and experiment,G͑T ͒ exhibits a sharper crossover between constant conductance at low temperature and logarithmic dependence at higher temperature in the mixed-valence regime than in the Kondo regime (see Fig. 4 ) [13] . Fig. 3 at a range of e 0 . Solid line: G 0 ͑e 0 ͒ predicted by Wingreen and Meir [4] . G max 0.49e 2 ͞h for the left peak, and 0.37e 2 ͞h for the right peak.
In Fig. 5(a) , we plot T K ͑ẽ 0 ͒ extracted from our fits, along with the theoretical prediction [Eq. (1)] for the Kondo regime. The value of G 280 6 10 meV extracted is in good agreement with the value G 295 6 20 meV determined as illustrated in Fig. 2 (inset) . The prefactor is approximately 3 times larger than p GU͞2, which must be considered a good agreement given the simplifying assumptions in the calculations and the sensitivity to the value of the exponent [19] .
G 0 is predicted to vary with the site occupancy n d , and hence also withẽ 0 , according to the Friedel sum rule
where G max is the unitary limit of transmission: 2e 2 ͞h if the two barriers are symmetric, less if they are asymmetric. For small jẽ 0 j, T K ¿ T base , so we can directly measure the value of G 0 . Even when T K is not ¿T base , we can still extract the value of G 0 from our fit. In Fig. 5(b) , we compare the combined results of both of these methods with G 0 ͑ẽ 0 ͒ inferred from a noncrossing approximation (NCA) calculation [4] of n d ͑ẽ 0 ͒ according to Eq. (3). The agreement is excellent, except outside the left peak, where experimentally the conductance does not go to zero even at zero temperature (see Fig. 2 ) [21] .
We have demonstrated quantitative agreement between transport measurements on a SET and calculations for a spin-1͞2 Anderson impurity. The SET allows us to both accurately measure and vary G and e 0 , and to observe their effect on T K and G 0 . We have also observed the crossover between the Kondo and mixed-valence regimes.
We 
